Exogenous and endogenous glutamate has been shown to evoke dopamine (VA) release in the striatum using both in vitro and in vivo techniques. We hypothesized that stimulation of the prefrontal cortex (PFC) would phasically enhance striatal DA release via the glutamatergic corticostriatal pathway. To test this hypothesis, in vivo brain microdialysis was employed to measure extracellular concentrations of DA in the striatum during electrical stimulation of the PFC. Five rats were implanted with bilateral electrodes located in the medial PFC and dialysis probes in the dorsal striatum. Two days later the PFC of these awake, freely moving rats was stimulated first at 50 JlA and then at
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Exogenous and endogenous glutamate has been shown to evoke dopamine (VA) release in the striatum using both in vitro and in vivo techniques. We hypothesized that stimulation of the prefrontal cortex (PFC) would phasically enhance striatal DA release via the glutamatergic corticostriatal pathway. To test this hypothesis, in vivo brain microdialysis was employed to measure extracellular concentrations of DA in the striatum during electrical stimulation of the PFC. Five rats were implanted with bilateral electrodes located in the medial PFC and dialysis probes in the dorsal striatum. Two days later the PFC of these awake, freely moving rats was stimulated first at 50 JlA and then at KEY WORDS: Dopamine; Electrical stimulation; Microdialysis; Prefrontal cortex; Schizophrenia; Striatum Evidence that schizophrenia may involve both the fron tal cortex and subcortical dopaminergic mechanisms has led investigators to hypothesize that this syndrome may be mediated by abnormal interactions between the prefrontal cortex (PFC) and this monaminergic system (Weinberger 1988; Robbins 1990) . Cortical regulation of subcortical dopamine (DA) may be mediated through the glutamatergic corticostriatal pathway (Grace 1991; Robbins 1990 ). Such a role for the cortex has been sup ported indirectly by a number of studies. Surgical abla tion of the PFC enhances stimulant effects of the amphet-100 JlA for 20 minutes at 2-hour intervals. Both currents significantly increased DA release. Extracellular DA rose rapidly during stimulation, peaked immediately afterward, and then slowly returned to baseline values. Dopamine reached 118% of baseline values with 50 JlA stimulation and 138% with 100 JlA stimulation. Histologic analysis using the fluorescent retrograde dye Fluoro Gold confirmed that cells projecting to the vicinity of the striatal dialysis probe originated in the vicinity of the PFC electrodes. These results provide direct evidence for phasic, excitatory modulation of striatal DA release by the PFC. [Neuropsychopharmacology 9:271-275, 1993] amine on locomotor behavior (Iversen 1971 ) and the effects of apomorphine on sterotypy-inducing properties (Scatton et a1. 1982) . Six-hydroxydopamine (6-0HDA) lesions of the medial PFC increase DA uptake and bind ing site density in the striatum (Pycock et al. 1980) . Elec trical stimulation of motor or visual cortex has been ob served to increase striatal [3H]DA release as measured by the push-pull cannula technique (Nieoullon et al. 1978) . These data support a model in which cortical ac tivity can regulate subcortical DA release.
The chemical and anatomic substrates for these ob servations may involve glutamatergic terminals in the vicinity of axons and terminals of nigrostriatal neurons (Grace 1991) . Pharmacologic studies have found that glutamate applied to striatal slices in vitro stimulate [3H]DA release even in the presence of tetrodotoxin (Roberts and Anderson 1979; Giorguieff et a1. 1977; Marien et al. 1993) . In vivo studies with push-pull can nulae have also found increased [3H]DA release fol lowing local applications of low (10-8 to 10-6 mollL) concentrations of glutamate , Leviel et al. 1990 . At higher concentrations (10-5 to 10-3 mollL), this effect was reversed, with DA release being decreased Leviel et al. 1990 ). In vivo microdialysis experiments also support the facili tation of striatal DA release following a local injection of excitatory amino acids (Westerink et al. 1992 , Keefe et al. 1992 , although depression of DA release was not observed even at the highest concentrations used (1 mmol AMP A, 1 mmol N-methyl-D-aspartate, 0.1 mM kainate). These results show primarily, although not exclusively, facilitatory actions of glutamate on DA re lease in the striatum.
The relative contributions of the corticostriatal and nigrostriatal systems in regulating striatal DA release are not fully understood. Basal striatal DA release is de creased by manipulations that decrease the activity of nigrostriatal neurons, but not by local administration of glutamate receptor antagonists at concentrations that block glutamate evoked DA release (Keefe et al. 1992) . These data point to a tonic role for nigrostriatal neu rons in DA release with an additional phasic compo nent being mediated by glutamatergic mechanisms.
The purpose of the present study waS to investigate the role of PFC in regulating endogenous DA release in the striata of awake, freely moving animals. To this end, in vivo micro dialysis was used to monitor concen trations of endogenous DA and its metabolites in rats during bilateral electrical stimulation of the PFC. Ad ditionally, a fluorescent retrograde labeling technique was employed to confIrm the origin of corticostriatal afferents innervating the region of the dialysis probe.
SUBJECTS AND METHODS
Ten male Wistar rats weighing between 320 and 360 g at the time of surgery were used in these experiments. The rats were anesthetized with pentobarbital (50 mg/kg) and were stereotaxically implanted with trans verse dialysis probes passing through both striata. Coordinates were measured from bregma A: + .7; V: -4.75) according to the atlas of Paxinos and Watson (1982) . The probes consisted of a hollow dialysis mem brane (outer diameter = .320 mm; molecular weight cutoff = 60,00; AN 69 Hospal) with an active surface length of 3.2 mm on each side of midline according to the lateral boundaries of each striatum. Five rats were additionally implanted with bipolar stainless-steel elec trodes (.20-mm diameter; MS303/2, Plastic Products). Coordinates were measured from bregma (A: + 3.0; V: 3.0; L: + .81 -.8) according to the atlas of Paxinos and Watson (1982) . Probe outlets and electrodes were at tached to the skull via four anchoring screws and den tal acrylic. Following surgery, all animals were housed individually in Plexiglas cages (35 x 35 x 40 cm) where NEUROPSYCHOPHARMACOLOGY 1993-VOL. 9, NO.4 they remained for the duration of the experiment. Su b jects had free access to food and water at all times.
The fIve animals with electrodes and probes were used in the dialysis experiments. Forty eight hours after surgery, dialysis probes were perfused at a rate of 51111 min with a solution containing CaCh (1.3 mmollL), MgCh (1.0 mmollL), KCl (3.0 mmollL), NaCl (147 mmollL), and 1 mM phosphate buffer to maintain pH at 7.4. The resulting dialysate passed through outlet tub ing (FEI0; Clay Adams) into the sample loop of the high-performance liquid chromatography (HPLC) sys tem. Fifty microliter samples were injected every 10 min utes and concentrations of DA, 3,4-dihydroxyphenyl acetic acid (DOPAC), homovanillic acid (HV A), and 5-hydroxyindoleacetic acid (5-HIAA) were measured in the HPLC system using electrochemical detection (f or details, see Brown and Fibiger 1992) .
Prefrontal cortex stimulation began after a stable baseline was established (four samples with <10% vari ation). The fIve rats were electrically stimulated at 50 !lA (frequency = 60 Hz, stimulus duration = .5 se c onds, interstimulus interval = 5 seconds) for 20 min utes. Two hours later all animals were stimulated again at a higher current (100 !lA, same parameters). These currents were chosen because rats have been foun d to self-administer electrical stimulation at these param eters (Phillips and Fibiger 1978) to the PFC. After an other 2-hour period, the rats were removed from their cages and sacrifIced; brains were cut in 50 !lmol se c tions and stained with cresyl violet to con&rm electrode and probe placements.
Retrograde labeling of cells innervating the region of the dialysis probe was performed on the remaining fIve rats using fluorescence histology. Striatal probes were fIlled with a solution containing 4% Fluoro Gold in saline (.9%) and were flushed with saline 18 hours later. Five days later these animals were given a lethal injection of pentobarbital and were perfused with 4% paraformaldehyde. Following a 2-hour postfIx, brains were bathed overnight in .05 mollL phosphate buffer, cut in 35 J.1m coronal slices, and mounted on slides. The sections were observed under a fluorescent microscope using ultraviolet light at a wavelength of 340 to 380 nmol. To analyze the microdialysis results, the average of the fIrst four samples with <10% variability was con sidered to make up baseline, and was defIned as 100%. Data were analyzed using one-way and two-way anal ysis of variance (ANOV As) with repeated measures.
RESULTS
The average basal extracellular DA output was 15.0 ± 2.2 fmollmin. Electrical stimulation increased DA out put in all animals, and the increase was found to rise with current intensity (Fig. 1) . Fifty microAmperes in creased DA output to a maximum of 118% of baseline values; 100 J.1A increased DA output to a maximum of 138% of baseline values. The effects of both stimula tion currents were signifIcant across time (p < .001). A signifIcant stimulation intensity-by-time interaction was also found across the two levels of stimulation (p < .02). The DA metabolites DOPAC and HVA and the seroto nin metabolite 5-HIAA were also increased by both lev els of stimulation (p < .001; data not shown), although in all cases the peak percent increase was lower than the corresponding DA values. The DOPAC levels peaked at 117% and 128% for 50 J.1A and 100 J.1A, respec tively, HVA peaked at 113 and 121%, and 5-HIAA peaked at 106% and 107%. SignifIcant stimulation intensity-by-time interactions were found for DOPAC (p < .002) but not HV A or 5-HIAA. Dopamine concentrations rose rapidly during each 20-minute stimulation and peaked in the 10-minute sample immediately following the end of the stimula tion period. Thereafter, DA decreased and returned to baseline 50 to 60 minutes after PFC stimulation. Formal behavioral measures were not performed, but casual observation indicated that the stimulation did not pro duce behavioral activation. Indeed, rats appeared more active during the 50-J.1A stimulation than at 100 J.1A.
Histologic analysis of the fIve rats with electrodes and dialysis probes implanted confIrmed all place ments. Electrodes were located in medial PFC at 3.0 mm to 3.2 mm anterior to bregma, 2.5 mm to 3.0 mm ven tral to skull surface, and within 1 mm of the midline (Fig. 2) . All dialysis probes were located in dorsal stria tum .5 mm to .7 mm anterior to bregma.
In rats infused with Fluoro Gold, fluorescence was examined in coronal slices from the frontal pole to the dialysis probe. The area of densest retrograde labeling was the dorsal cortex in all sections viewed, and the labeling extended across the entire medialllateral as pect of this region. Dense labeling was found in the area surrounding the electrode sites in all animals viewed. These data indicate that the medial PFC in the vicinity of the stimulation electrodes project directly to the re gion of the striatum containing the dialysis probe. This confrrms earlier retrograde (McGeorge and Faull 1989) and anterograde (Berendse et al. 1992 ) labeling studies.
DISCUSSION
The primary result presented here is direct evidence that increased activity in the medial PFC can evoke sub cortical DA release. The stimulation parameters that were used (50 and 100 IJ,A) have been found to main tain self-stimulation in rats (Phillips and Fibiger, 1978) and can t�erefore be considered behaviorally relevant. Speciflcally, extracellular DA concentrations were still rising an hour after termination of the cortical stimula tion. This result led to the hypothesis that the cortico striatal projection has a tonic facilitory influence on stri atal DA release (Nieullon et al. 1978; Romo et al. 1986; Grace 1991) . However, later studies have indicated that glutamate in the striatum does not have a tonic influence on DA release (Keefe et al. 1992; Leviel et al. 1990 ) and suggest that exogenous glutamate produces phasic in creases in striatal DA release. The present results are consistent with this view in that they demonstrate that PFC stimulation produces transient increases in DA re lease, an effect that may be mediated by the glutamater gic corticostriatal projection.
It is unclear why the DA increases seen in the study by Nieoullon et al. (1978) lasted so much longer than those in the current study. Technical differences sug gest three possibilities. First, the cats in the Nieoullon study were stimulated at a much higher frequency (300 �z) and in a different area of the cortex (motor) than m the current study. The second involves behavioral state; the rats in the current experiment were awake and not restrained, whereas the cats in the Nieoullon study wer � anesthetized. Keefe et al. (1992) suggests that behaVIOral state may contribute to baseline levels of DA mediated through the corticostriatal projection;
perhaps behavioral state also affects stimulation evoked A projection from the PFC also terminates in the sub stantia nigra (Gerfen et al. 1982) . Excitation of either of t�es . e systems may have activated dopaminergic projectIons to the striatum. Another channel through which stimulation of the PFC could evoke striatal DA release involves the intralarninar nuclei of the thalamus.
For example, the centrolateral nucleus sends axon col laterals to both the cortex and the striatum (Cesaro et al. 1979) . Antidromic stimulation of the projection to the PFC may have activated striatal collaterals to evoke DA rel � ase. Experiments are currently in progress to determme the neural systems through which stimula tion of the PFC enhances DA release in the striatum. 
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